Epithelial ovarian cancer (EOC) is the second most common gynaecological malignancy and it represents the fifth leading cause of cancer-related deaths in women ([@bib40]). Owing to the absence of specific symptoms at the onset of the disease and the lack of effective screening programmes, most patients receive medical attention when the disease is already spread outside the pelvis ([@bib52]). For these reasons, the prognosis for EOC is still poor, with a 5-year overall survival rate between 14 and 37% for women diagnosed with locally or systemically advanced disease ([@bib36]). The development of more effective therapeutic approaches for ovarian cancer patients has proven to be extremely challenging because EOC is a heterogeneous disease and the molecular events driving ovarian carcinogenesis are relatively unknown ([@bib19]). For these reasons, surgical excision of the tumour and platinum-based ±paclitaxel treatment remains the best therapeutic option for EOC even in an era where targeted treatments are already considered standard of care for other tumour types.

It has been postulated that early- and advanced-stage EOC may constitute distinct conditions each characterised by specific origins, pathogenesis, and clinical history ([@bib19], [@bib20]). For example, it is now known that high-grade serous ovarian cancers originate from the fallopian tubes while other EOC histotypes develop directly from the epithelial surface ([@bib35]). As a consequence, the site of origin may directly influence the molecular landscape of the different EOC subtypes. In addition, while early-stage tumours can be of larger size at diagnosis compared to advanced lesions, they also tend to be contained within the pelvis and have less aggressive behaviour ([@bib11]). Therefore, understanding the molecular mechanisms underlying different stages of the disease may lead to the identification of predictive and therapeutic biomarkers for personalised medicine of EOC. In this context, while it has been previously shown that ovarian cancer is among the most biologically complex of all solid tumours (explaining to some degree the lack of successful molecularly targeted agents and early development of drug resistance) ([@bib44]; [@bib25]), a recent analysis suggested that treatment selection based on molecular profiling can both identify patients with less favourable prognosis and positively affect EOC patients' overall survival by leading to the selection of individualised treatments matched to the patient-specific molecular profile ([@bib14]).

Metabolic reprogramming is considered an important hallmark in EOC, and the use of metformin, a metabolic modulator commonly used to treat type II diabetes, has shown promising results in ovarian cancer ([@bib12]; [@bib6]; [@bib17]). Metformin antitumour effects are exerted through the activation of the AMP-activated protein kinase (AMPK), a cellular energy sensor that regulates metabolic functions by modulating kinase-dependent signalling cascades ([@bib15]). The crosstalk between the LKB1--AMPK and the AKT--mTOR pathways regulates a significant portion of the cellular bioenergetic capacity under physiological conditions and derangements of these signalling networks, which are often associated with malignant transformation ([@bib50]; [@bib13]; [@bib23]; [@bib39]; [@bib22]). For these reasons, exploration of the signalling cascade generated by these two interconnected pathways may offer new opportunities for exploring the role of cellular metabolism in EOC.

Using laser capture microdissection (LCM) coupled with reverse phase protein microarrays (RPPAs), this study compared the metabolic kinase-driven signalling architecture of early and advanced EOC. Because of their central role in modulating a large panel of metabolic functions (e.g., FFA, glycogen and protein synthesis, and so on), major emphasis was focused on the LKB1--AMPK and AKT--mTOR pathways and their downstream substrates. This approach allowed us to shed new light on the biological mechanisms underlying EOC and to explore the role of metabolic kinase signalling in modulating the response to standard adjuvant chemotherapy.

Materials and methods
=====================

Clinical samples
----------------

Two independent study sets that included retrospective snap-frozen surgical specimens collected from chemo-naive ovarian cancer patients were provided by the Division of Gynaecology Oncology, University of Brescia, Italy. The discovery set included 72 primary tumours collected between 2001 and 2011 and was used to explore the role of kinase-driven metabolic functions across stages of ovarian cancers. Significant findings were further validated in an independent set of 30 specimens collected between 2003 and 2012 by the same institution. The two study sets were processed independently and printed on a separate set of arrays. Clinicopathological information including FIGO stage, histotype and response to therapy was collected for each patient of the two cohorts. The local institutional review board approved the study protocol (Study Reference Number NP553), and written informed consent was obtained from each patient enrolled in the study.

Sample collection and preparation for RPPA downstream analysis
--------------------------------------------------------------

Samples were frozen in liquid nitrogen within 20 min upon surgical resection to preserve the integrity of the phosphoproteome. Specimens were then embedded in optimal cutting temperature compound (Sakura Finetek, Torrance, CA, USA), cut into 8 μm cryo-sections, mounted on uncharged glass slides, and stored at −80 °C until microdissected.

A certified pathologist (LAL) evaluated the amount of tumour present in each specimen using representative haematoxylin-and-eosin-stained slides. Immediately before undergoing microdissection, each slide was fixed in 70% ethanol (Sigma Aldrich, St Louis, MO, USA), washed in deionised water, stained with haematoxylin (Sigma Aldrich) and blued in Scott's Tap Water substitute (Electron Microscopy Sciences, Hatfield, PA, USA), and dehydrated through an ethanol gradient (70, 95, and 100%) and xylene (Sigma Aldrich). In order to prevent protein degradation, Complete protease inhibitor cocktail tablets (Roche Applied Science, Indianapolis, IN, USA) were added to the ethanol, water, haematoxylin and Scott's Tap Water Substitute ([@bib29]). For each sample an average of 15 000 tumour cells were isolated from the surrounding microenvironment using a Pixcell II LCM system (Arcturus, Mountain View, CA, USA).

Microdissected cells were lysed in a 1:1 solution of 2X Tris-Glycine SDS Sample buffer (Invitrogen Life Technologies, Carlsbad, CA, USA) and Tissue Protein Extraction Reagent (Pierce, Rockford, IL, USA) supplemented with 2.5% of 2-mercaptoethanol (Sigma Aldrich). Cell lysates were boiled for 8 min and stored at −80 °C.

Reverse phase protein microarray construction and immunostaining
----------------------------------------------------------------

Using an Aushon 2470 arrayer (Aushon BioSystems, Billerica, MA, USA) equipped with 185 μm pins, samples and standard curves for internal quality assurance were printed in triplicate onto Oncyte Avid nitrocellulose-coated slides (Grace Bio-labs, Bend, OR, USA) as previously described ([@bib29]). A Sypro Ruby Protein Blot Stain (Molecular Probes, Eugene, OR, USA) protocol was used to stain selected arrays to quantify the total amount of protein within each sample ([@bib29]).

Before immunostaining, each array was first incubated with Reblot Antibody stripping solution (Chemicon, Temecula, CA, USA) for 15 min at room temperature, followed by two washes in PBS. To minimise potential nonspecific bindings, arrays were then incubated in I-block solution (Tropix, Bedford, MA, USA) for 1 h. Each array was tested with a single primary antibody using an automated system (Dako, Carpinteria, CA, USA). Antibody specificity was tested by immunoblotting using a wide panel of cell lysates as previously described ([@bib41]; [@bib30]). Negative control arrays were incubated with the anti-rabbit secondary antibody only to account for unspecific binding and background noise. A commercially available catalysed signal amplification system (Dako) coupled with a biotinylated anti-rabbit secondary antibody (Vector Laboratories, Inc. Burlingame, CA, USA) and a streptavidin-conjugated IRDye680 (LI-COR Biosciences, Lincoln, NE, USA) were used for the amplification and detection of the fluorescent signal.

Arrays were probed with a total of 117 antibodies targeting protein kinases involved in major cellular functions, and the results of the broad screening were previously published ([@bib38]). This targeted analysis was limited to the kinases-driven metabolic signalling network of early and advanced EOC with emphasis on 42 proteins contained within the LKB1--AMPK and AKT--mTOR pathways ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}).

Image acquisition and data analysis
-----------------------------------

Antibody and Sypro Ruby-stained arrays were scanned using a laser-based PowerScanner (TECAN, Mönnedorf, Switzerland). Acquired images were analysed using the MicroVigene software version 5.1 (Vigene Tech, Carlisle, MA, USA). This commercially available software performs spot finding, averages the triplicates, subtracts the background from the negative control slide(s), and normalises each sample to the corresponding amount of total protein measured by Sypro Ruby staining. Intra- and inter-assay reproducibility of the RPPA platform has been previously reported ([@bib33]; [@bib28]).

Statistical analysis
--------------------

Unsupervised hierarchical clustering analysis using the Ward method was performed in JMP software 5.1.2 (SAS Institute Inc., Cary, NC, USA) to evaluate the overall kinase-driven metabolic signalling across ovarian cancer stages. Because samples were collected between 2002 and 2012, tumours were staged by the enrolling institution using the 1988 FIGO staging system ([@bib52]). The early-stage group consisted of the stage I--IIB tumours, while the advanced group consisted of stage IIC, III, and IV ([@bib52]; [@bib31]).

To statistically determine whether the metabolic signalling networks varied by tumour stage, the activation level of the 42 proteins selected was compared between early and advanced ovarian cancers. Non-parametric two-sided Wilcoxon rank sum test and one-sided Wilcoxon rank sum test were used for the discovery and the validation sets, respectively. RPPA intensity values were displayed using box and whisker plots created in GraphPad Prism version 6.0 (GraphPad, La Jolla, CA, USA) to capture the median and the minimum and maximum values of each comparison group. Fisher's exact test was performed for categorical variables. *P*-values ⩽0.05 were considered statistically significant.

Results
=======

A total of 102 surgical biopsies collected from chemo-naive primary ovarian tumours were used for this analysis ([Table 1](#tbl1){ref-type="table"}). In all, 15 of the 72 samples (20.8%) and 7 of the 30 (23.3%) tumours of the discovery and the validation sets, respectively, were classified as early-stage cancers. The 15 early-stage tumours of the discovery set included the following: endometrioid (*n*=7); high-grade (G3) serous carcinomas (*n*=2); clear cell carcinomas (*n*=2); mucinous carcinomas (*n*=2); carcinoma of mixed histology (*n*=1); and undifferentiated carcinomas (*n*=1). Histotype distributions for early-stage lesions were endometrioid (*n*=3), clear cell (*n*=3), and mucinous (*n*=1) carcinomas for the validation set.

After surgical resection of the primary tumour, 66 of the 72 (91.7%) patients in the discovery set and 28 of the 30 (93.3%) patients in the validation set received carboplatin--paclitaxel adjuvant chemotherapy. Patients were followed for an average of 56 months after completion of the treatment. Of the 66 patients treated in the discovery set, 13 (19.7%) showed relapse or disease progression within 6 months from the administration of the last treatment and were therefore classified as platinum-resistant. Response to therapy was determined based on CA125 serum levels and RECIST criteria based on conventional imaging techniques ([@bib45]). In the validation set, 5 of the 28 patients (17.9%) were classified as resistant to the therapy. All carboplatin--paclitaxel-resistant patients were diagnosed with advanced stages EOC (stage IIC--IV).

The activation of LKB1--AMPK and AKT--mTOR signalling pathways differs between early- and advanced-stage ovarian cancer
-----------------------------------------------------------------------------------------------------------------------

Unsupervised hierarchical clustering analysis of kinase-driven metabolic pathways identified two major clusters with distinct metabolic phenotypes ([Figure 1](#fig1){ref-type="fig"}). Of interest, stage I and IIA/IIB lesions were contained within the same cluster (14 out of 15; 93.3%), and were characterised by an overall high activation of the AMPK--AKT--mTOR metabolic signalling network. Advanced-stage ovarian cancers, on the other hand, presented with a more heterogeneous profile. While approximately half of the samples (26 out of 57; 45.6%) had a systemic activation of the metabolic pathway comparable to the early-stage tumours, 31 of the 32 cases (96.8%) contained in the cluster with low activation of the metabolic signature were advanced-stage tumours.

Advanced ovarian cancers are characterised by reduced kinase-driven metabolic activity
--------------------------------------------------------------------------------------

To further explore the role of kinase signalling and metabolic activity in ovarian cancers based on stage distribution, a non-parametric mean comparison was performed. Of the 42 proteins measured, 22 were statistically different between early and advanced tumours ([Table 2](#tbl2){ref-type="table"}, panel A). Advanced ovarian tumours presented with an overall downregulation of the LKB1--AMPK pathway (LKB1 S428 *P*=0.04, AMPK*α* T172 *P*=0.05, AMPK*α*1 S485 *P*\<0.01, and AMPK*β*1 S108 *P*\<0.01) and the AKT--mTOR pathway (PDK1 S241 *P*=0.02, AKT S473 *P*\<0.01 and AKT T308 *P*\<0.01, and mTOR S2448 *P*=0.04). Deregulation of several interconnected downstream effectors controlling major metabolic activities was also detected in the advanced lesions ([Figure 2](#fig2){ref-type="fig"}). Specifically, advanced ovarian cancers were characterised by the following: deregulation of the fatty acid synthesis, including the acetyl-CoA carboxylase (ACC) S79 (*P*\<0.01); decreased protein (p70S6 S371 *P*=0.03 and 4EBP1 S65 *P*=0.01) and glycogen (GSK-3 *α/β* S21/9 *P*\<0.01) synthesis; altered redox balance (FOXO1 T24/FOXO3 T32 *P*\<0.01 and FOXO1 S256 *P*\<0.01); altered glucose/amino-acid uptake (IGF-1 Rec Y1131/Insulin Rec Y1146 *P*=0.02); and deregulation of the pro-apoptotic and autophagic pathways (BAD S112 *P*=0.04, BAD S155 *P*=0.04, and LC3B *P*\<0.01).

Similar alterations were also detected in the validation set where several LKB1--AMPK and AKT--mTOR downstream substrates (ACC S79 *P*=0.01, FOXO1 T24/FOXO3 T32 *P*\<0.01, FOXO1 S256 *P*=0.01, and GSK-3 *α/β* S21/9 *P*\<0.01) were significantly downregulated in advanced-stage tumours ([Table 2](#tbl2){ref-type="table"}, panel B).

Low relative activation of the kinase-driven metabolic signature and phosphorylation of FOXO1/FOXO3 are associated with resistance to carboplatin--paclitaxel adjuvant treatment
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Because the AMPK--AKT--mTOR metabolic profile of early-stage ovarian cancers presented a distinctive metabolic profile compared to more advanced tumours, unsupervised hierarchical clustering analysis was repeated for the 66 patients that received adjuvant therapy to explore the role of kinase-driven metabolic changes in the response to conventional carboplatin--paclitaxel adjuvant therapy ([Figure 3](#fig3){ref-type="fig"}). To diminish unspecific and heterogeneous signals generated by proteins that were not major contributors in differentiating between early and advanced tumours, the analysis was restricted to proteins that were statistically different.

Of the 66 patients that received adjuvant treatment, 43 were contained within the cluster characterised by overall low activation of the AMPK--AKT--mTOR metabolic signature. Of interest, the proportion of patients with resistant disease was significantly higher among patients with low activation of the metabolic signature compared to those tumours that resembled the early-stage lesions (Fisher's exact test *P*=0.02). Specifically, 12 of the 13 original samples (92.3%) classified as resistant to carboplatin--paclitaxel were advanced ovarian cancers that phenotypically presented low activation of the metabolic signature ([Figure 3](#fig3){ref-type="fig"}). Histotype distribution was found to be homogenous between carboplatin--paclitaxel-sensitive and -resistant tumours (Fisher's exact test *P*=0.43). The carboplatin--paclitaxel-resistant group included eight serous carcinomas, two clear cell carcinomas, one carcinoma of mixed histology, and one endometrioid tumour. When the analysis was limited to the end points that reached statistical significance in the validation set, a similar trend was detected with four of the five carboplatin--paclitaxel-resistant patients (80.0%) with low metabolic activation ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}).

Finally, because all carboplatin--paclitaxel-resistant patients were included in the advanced group, changes within a kinase-driven metabolic signalling network of carboplatin--paclitaxel-resistant patients were explored in advanced patients. Mean comparison analysis revealed that carboplatin--paclitaxel-resistant lesions have a significant increase in phosphorylation of FOXO1 T24/FOXO3 T32 (*P*=0.041; [Figure 4](#fig4){ref-type="fig"}) along with a decrease in activation of 4EBP1 S65 and 4EBP1 T70 (*P*=0.004 and 0.006, respectively), p70S6 T389 (*P*=0.026), and LKB1 S334 (*P*=0.019) compared to the sensitive tumours.

Discussion
==========

To our knowledge this is the first study correlating kinase-driven metabolic signalling of malignant cells with disease severity in EOC. By using upfront cellular enrichment via LCM these data allow us to obtain a clear picture of the metabolic activity driving tumour epithelium progression while eliminating the confounding signal generated by different cell subpopulations of the tumour microenvironment (e.g., white blood cells, endothelium, nerves, fibroblasts, and so on), which would represent uncontrollable co-varying contributions to the data that could not be subtracted from the overall signalling ([@bib42]; [@bib24]; [@bib1]).

In keeping with recent data and postulates indicating that late-stage aggressive ovarian cancers arise from the fallopian tube and are aetiologically and biologically entirely different ([@bib18]), our functional signalling data indicate that early and advanced EOCs are biochemically distinct and represent more than a stepwise progression within the carcinogenesis process. According to our functional signalling data, early-stage EOCs have an overall higher activation of kinase-driven signalling architecture that regulate energy metabolism. On the other hand, the heterogeneous nature of the signalling architecture of late-stage EOC observed indicates a higher degree of biochemical complexity. The metabolic signalling network of EOC should be further explored as a source of predictive biomarkers of response to conventional chemotherapy (e.g., phosphorylation of FOXO1 T24/FOXO3 T32) and of novel therapeutic targets. For example, targeting activated LKB1--AMPK signalling pathway or altered autophagy processes may represent new therapeutic modalities for advanced ovarian cancers with low metabolic activity.

Our findings indicate that early-stage EOCs are characterised by a highly activated metabolic signalling architecture involving the LKB1--AMPK energy-regulatory pathway and the AKT--mTOR pro-survival pathway. The activation of the LKB1--AMPK pathway is a recognised compensatory mechanism that early-stage tumours utilise to overcome hypoxia and metabolic stress ([@bib9]). This compensatory mechanism, commonly described as the Warburg effect, leads to a profound metabolic shift towards aerobic glycolysis, an energy conservation process characterised by increased glucose consumption and activation of catabolic energy production ([@bib49]; [@bib2]). A previous study has indicated that AMPK*β*, a modulator of AMPK activation, is overexpressed in early EOC compared to the advanced-stage tumours and that EOC patients with increased AMPK*α* have more favourable disease-free and overall survival indicating that AMPK may have an important role in ovarian carcinogenesis ([@bib21]). Our data confirmed that AMPK signalling is a phenotypic characteristic of early-stage EOC and demonstrates that the activation of AMPK, measured in terms of phosphorylation of AMPK*α* T172, AMPK*α*1 S485, and AMPK*β*1 S108, is increased in early-stage EOC. Moreover, this activation directly affects downstream substrates and specifically ACC-mediated fatty acid metabolism and autophagy.

Downregulation of the autophagic marker LC3 and reduced phosphorylation of ACC have been previously described as alterations that characterise solid tumours with less favourable prognosis ([@bib4]; [@bib26]; [@bib51]; [@bib48]). Of interest, activation of ACC via dephosphorylation enhances fatty acid synthesis and provides tumours with a readily available energy source known for its role in sustaining tumour growth and progression ([@bib5]; [@bib32]). This change in metabolic signalling may offer a biological explanation for the protective and therapeutic effects of metformin in EOC via increased activation of the AMPK signalling network ([@bib34]; [@bib15]).

Our data also indicate that early-stage ovarian cancers are characterised by enhanced activation of the pro-survival AKT--mTOR signalling network as characterised by increased phosphorylation of AKT S473 and T308, mTOR S2448, and the downstream substrates p70S6 S371, 4EBP1 S65, GSK-3 *α/β* S21/9, FOXO1 T24/FOXO3 T32, and FOXO1 S256. While the activation of the LKB1--AMPK pathway usually leads to downregulation of the AKT--mTOR signalling pathway, changes in the cellular metabolic needs and the activation of crosstalk between pathways can lead to the activation of the AKT--mTOR pathway in an LKB1--AMPK-independent manner ([@bib8]). For example, anaerobic glycolysis and increased glucose metabolisms are known metabolic changes that directly modulate the activation of the AKT--mTOR pathway ([@bib43]). In addition, p90RSK, a protein that was also highly activated in early-stage tumours, can directly modulate mTOR activation via phosphorylation of the tumour suppressor tuberin, further validating that activation of the signalling network is highly complex and driven by a number of compensatory mechanisms ([@bib37]).

Finally, our findings indicate that while advanced ovarian cancers are heterogeneous in terms of their metabolic signalling profile, over 90% of the carboplatin--paclitaxel-resistant patients have low activation of the metabolic signature along with increased phosphorylation of AKT--mTOR downstream target FOXO1 T24/FOXO3 T32. This oncosuppressor directly regulates oxidative stress and transcription of several genes involved in cell cycle control, apoptosis, and DNA repair ([@bib7]). A previous study exploring the biological mechanisms associated with paclitaxel resistance in ovarian cancer suggested that FOXO1 expression may represent a negative predictor of response to treatment, although this observation was based on a relatively small cohort of patients and the results were only marginally significant ([@bib10]). Our findings further confirm the role of FOXO1 and FOXO3 as potential predictive biomarkers for paclitaxel-based treatment. It has been postulated that an increase in FOXO1 expression may be important in containing oxidative stress and ROS production in paclitaxel-resistant EOC. Specifically, overexpression of FOXO1 and its accumulation in the cytosol, a process that is mediated by phosphorylation of the oncosuppressor, may be associated with overexpression of MnSOD, an enzyme directly involved in the oxidative stress response ([@bib10]). Because ROS production can modulate cell growth and response to therapy, the increased expression of MnSOD may prevent ROS accumulation and therefore reduce paclitaxel-associated cytotoxic effects ([@bib10]; [@bib47]).

*In vitro* studies exploring the association between metabolic activity and epithelial--mesenchymal transition (EMT) in cancer cells may offer an additional explanation on the role of FOXO1 and/or FOXO3, and the overall downregulation of the metabolic signature in advanced EOC in terms of response to carboplatin--paclitaxel. It is well known that EMT is a common molecular mechanism used by tumour cells to spread locally and systemically ([@bib46]). *In vitro* studies have indicated that the activation of AMPK via administration of metformin favours the acquisition of an epithelial phenotype ([@bib3]). In keeping with these findings, our analysis revealed that AMPK activation and E-cadherin expression (*P*=0.02) were downregulated while N-cadherin was increased (although not significant) in the advanced-stage EOC compared to early-stage lesions (data not shown). Chou and colleagues have shown that the activation of AMPK induces stabilisation and nuclear accumulation of FOXO3a. The nuclear translocation of FOXO3a modulates the transcription of the E-cadherin gene *CDH1* while downregulating genes promoting a mesenchymal-like phenotype. On the basis of this observation, one could speculate that priming carboplatin--paclitaxel-resistant lesions with an AMPK-activating agent such as metformin may pre-sensitise resistant cells to treatment by modulating FOXO1 T24/FOXO3 T32 phosphorylation and cellular localisation. Preclinical studies using *in vitro* and *in vivo* models targeting tumours with high FOXO1 T24/FOXO3 T32 levels could be used to test the role of pre-treating EOC resistant tumours with an AMPK-activating agent to promote carboplatin--paclitaxel sensitivity.

Our findings indicate that the metabolic profile of EOC varies greatly based on disease severity with early-stage tumours switching towards anaerobic glycolysis as a compensatory mechanism to overcome the metabolic stress tumour cells undergo. The heterogeneous metabolic signatures of advanced EOC may represent a predictive factor of resistance to conventional chemotherapy and alteration of the LKB1--AMPK signalling pathway along with enhanced autophagy may represent new therapeutic modalities for advanced ovarian cancers with low metabolic activity. The predictive value of this metabolic signature, including phosphorylation of FOXO1 T24/FOXO3 T32, should be further validated prospectively in a clinical trial setting where molecular information is collected along with carboplatin--paclitaxel response.

If our initial findings are prospectively confirmed, the evaluation of the predictive markers here identified could be performed as part of the pathological evaluation of EOC and used to stratify patients to adjuvant treatment. In such a setting, patients whose ovarian tumours harbour low relative activation of FOXO1 T24/FOXO3 T32 (or nuclear localisation) would directly receive carboplatin--paclitaxel standard of care, while additional multi-omic molecular profiling (including genomic, transcriptomic, and proteomic/phosphoproteomic) may be requested for patients whose ovarian tumours have a high level of FOXO1 T24/FOXO3 T32 to identify actionable targets of individual lesions.

Although genomic alterations are central to tumour development, they may be only partially adequate in capturing compensatory mechanisms that deeply affect drug response, including the establishment of feedback mechanisms, protein pathway activation via secretion of soluble factors by the tumour cells and surrounding microenvironment, or crosstalk between signalling pathways ([@bib27]). The addition of proteomic/phosphoproteomic analyses to conventional genomic testing may help identify alterations that are directly driving the malignant lesion. A recent clinical trial targeting refractory metastatic breast cancer has shown that use of a multi-omic molecular profile for treatment selection can be highly beneficial in improving patients' response to treatment ([@bib16]). The use of stratifying biomarkers such as phosphorylated FOXO1 T24/FOXO3 T32 coupled with a comprehensive multi-omic molecular profiling may offer new therapeutic opportunities for managing patients with advanced EOC more effectively.
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![**Unsupervised hierarchical clustering analysis of the 42 proteins (*y* axis) involved in the energy cellular homeostasis with focus on the LKB1--AMPK and the AKT--mTOR signalling pathways and downstream substrates.** The 72 samples included in the discovery set (*x* axis) were classified as early (red)- and advanced (black)-stage tumours. The two major clusters (high *vs* low metabolic activation) were identified by the analysis.](bjc2017195f1){#fig1}

![**Pathway representation of interconnected proteins that were statistically different between early- and advanced-stage tumours.** Members of the LKB1--AMPK and the AKT--mTOR signalling pathways that were highly activated in the early-stage ovarian cancers compared to the advanced stages are represented along with their metabolic functions (**A**). Box-plots of selected key proteins that reached statistical significance with non-parametric mean comparison illustrate the median and the minimum and maximum values for each group (**B**).](bjc2017195f2){#fig2}

![**Unsupervised hierarchical clustering analysis of the proteins (*y* axis) that reached statistical significance between early and advanced tumours in the discovery set.** The analysis was limited to the 66 patients (*x* axis) that received carboplatin--paclitaxel adjuvant chemotherapy. Platinum-resistant (red) and platinum-sensitive patients (black) were subdivided based on their metabolic phenotype.](bjc2017195f3){#fig3}

![**FOXO1 T24/FOXO3 T32 levels in advanced EOC based on response to adjuvant treatment with carboplatin--paclitaxel.** Patients that were resistant to adjuvant treatment had significantly higher phosphorylation levels of FOXO1 T24/FOXO3 T32.](bjc2017195f4){#fig4}

###### Clinical and pathological characteristics of the 102 patients analysed in the discovery (*n*=72) and the validation sets (*n*=30)

  **Characteristics**                     **Discovery set (*****n*****=72)**   **Validation set (*****n*****=30)**
  --------------------------------------- ------------------------------------ -------------------------------------
  Age[a](#t1-fn2){ref-type="fn"}          61.5 (24--88)                        56 (36--78)
                                          ***N*** **(%)**                      ***N*** **(%)**
  Histology                                                                     
   LGSC[b](#t1-fn3){ref-type="fn"}        2 (2.8)                              1 (3.3)
   HGSC                                   36 (50)                              15 (50)
   Endometrioid                           13 (18)                              8 (26.7)
   Mixed                                  8 (11.1)                             ---
   Clear cell                             7 (9.7)                              5 (16.7)
   Mucinous                               3 (4.2)                              1 (3.3)
   Undifferentiated                       3 (4.2)                              ---
  FIGO stage                                                                    
   Early stage                                                                  
    I                                     11 (15.2)                            6 (20)
    IIA                                   2 (2.8)                              1 (3.3)
    IIB                                   2 (2.8)                              ---
   Advanced stage                                                               
    IIC                                   6 (8.3)                              3 (10)
    III                                   39 (54.2)                            17 (56.7)
    IV                                    12 (16.7)                            3 (10)
  Response to therapy                                                           
   Resistant[c](#t1-fn4){ref-type="fn"}   13 (18)                              5 (16.7)
   Sensitive                              53 (73.6)                            23 (76.6)
   No CT                                  4 (5.6)                              2 (6.7)
   N/A                                    2 (2.8)                              ---

Abbreviations: CT = chemotherapy; FIGO = Fédération Internationale de Gynécologie et d\'Obstétrique; HGSC=high-grade serum carcinoma; LGSC=low-grade serum carcinoma; N/A = Not Available.

Median and range are reported.

Both of which were advanced-stage lesions.

Patients were classified as platinum-resistant if they developed progression or recurrence of disease in ⩽6 months from the completion of first-line chemotherapy ([@bib45]).

###### Proteins that were statistically significant between early- and advanced-stage ovarian cancers in the discovery (panel A) and the validation sets (panel B), respectively

                                             **RPPA median intensity values**   
  --------------------------------- -------- ---------------------------------- -----------
  **Panel A**                                                                   
  4EBP1 S65                         0.01     13 095.18                          8725.46
  Acetyl-CoA carboxylase S79        \<0.01   10 625.37                          4817.45
  AKT T308                          \<0.01   4272.69                            2537.67
  AKT S473                          \<0.01   1718.14                            401.02
  AMPK*α* T172                      0.05     14 271.22                          9302.14
  AMPK*α*1 S485                     \<0.01   10 198.54                          5619.51
  AMPK*β*1 S108                     \<0.01   8857.32                            6627.61
  Bad S112                          0.04     2006.20                            1136.83
  Bad S155                          0.04     5089.83                            4924.61
  FOXO1 S256                        \<0.01   12 531.49                          9643.12
  FOXO1 T24/FOXO3 T32               \<0.01   26 108.08                          12 444.08
  GSK-3 *α/β* S21/9                 \<0.01   16 514.60                          9228.02
  IGF-1 RY1135/1136 IR Y1150/1151   0.02     2472.54                            1631.08
  LC3B                              \<0.01   2980.96                            1271.56
  LKB1 S428                         0.04     4895.15                            3374.49
  MDM2 S166                         \<0.01   14 559.52                          9154.49
  mTOR S2448                        0.04     12 283.35                          9163.65
  p70S6 Kinase S371                 0.03     4167.20                            3543.96
  p90 RSK S380                      0.03     2132.39                            595.26
  PDK1 S241                         0.02     8725.46                            5721.58
  PRAS40 T246                       \<0.01   16 139.10                          11 544.91
  SGK1 S78                          \<0.01   12 569.14                          9566.29
  **Panel B**                                                                   
  Acetyl-CoA carboxylase S79        0.02     11 860.86                          6594.56
  AMPK*α*1 S485                     0.03     38 948.66                          22 247.84
  FOXO1 S256                        \<0.01   38 561.14                          26 903.18
  FOXO1 T24/FOXO3 T32               \<0.01   45 251.91                          28 001.12
  GSK-3 *α/β* S21/9                 \<0.01   52 052.06                          29 143.87
  MDM2 S166                         \<0.01   34 891.55                          22 247.84
  p90 RSK S380                      \<0.01   18 676.10                          29 143.87
  PRAS40 T246                       0.03     36 680.49                          21 829.12

Abbreviation: RPPA=reverse phase protein microarray.

Two-sided non-parametric Wilcoxon rank sum test was used for the discovery set and a one-sided non-parametric Wilcoxon rank sum test was used for the validation set. *P*-value and median RPPA intensity values for early and advanced stages are reported for each protein.
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